in susceptible SJL/J mice but not in resistant C57BL/6 mice. Previous studies have indicated that the major histocompatibility complex (MHC) genes play the most prominent role in the development of TMEV-induced demyelinating disease. In this study, we used C57BL/6.S (B6.S) congenic mice, which carry H-2 s MHC genes instead of H-2 b MHC genes in conjunction with the C57BL/6 (B6) background genes. Our data show that virus-infected B6.S mice are free from disease and have significantly lower viral loads than susceptible SJL mice, particularly in the spinal cord. A strong protective Th1-type T helper response with virtually no pathogenic Th17 response was detected in B6.S mice, in contrast to the reduced Th1-and robust Th17-type responses in SJL mice. Notably, lower levels of viral infectivity in B6.S antigen-presenting cells (APCs) correlated with the disease resistance and T-cell-type response. In vitro studies using APCs from B6.S and SJL mice show that TLR2, -3, -4, and -7, but not TLR9, signaling can replace viral infection and augment the effect of viral infection in the differentiation of the pathogenic Th17 cell type.
I ntracerebral infection of susceptible mice with Theiler's murine encephalomyelitis virus (TMEV) induces an immune-mediated, progressive inflammatory demyelinating disease (IDD) that is similar to a progressive form of human multiple sclerosis (MS) (1, 2) . Histopathology and clinical similarities between TMEVinduced disease and human disease make this a relevant model to investigate the mechanisms underlying demyelinating diseases (3) . Different inbred mouse strains exhibit different levels of susceptibility to the demyelinating disease induced by TMEV (TMEV-IDD). For example, SJL/J (H-2 s ), SWR (H-2 q ), RIII (H-2 r ), PL/J (H-2 u ), and DBA/2 (H-2 d ) mice are highly susceptible, AKR/J (H-2 k ) and C3H/J (H-2 k ) mice are moderately susceptible, and C57BL/6 (H-2 b ), C57BL/10 (H-2 b ), and BALB/c (H-2 d ) mice are resistant to the development of demyelinating disease (4) . One of the most important susceptibility loci is linked to the H-2D gene complex (5, 6) . In addition, a locus on chromosome 6 near the Tcrb locus and a locus on chromosome 3 were identified as susceptibility-linked loci for the development of demyelinating disease (7, 8) . However, the viral persistence level in the central nervous system (CNS) is associated with a locus on chromosome 10, a locus (or possible two loci) on chromosome 14, and a locus on chromosome 18 (9) (10) (11) . Nevertheless, SJL/J (SJL) mice represent a prototypical susceptible mouse strain and C57BL/6 (B6) mice represent a prototypical resistant mouse strain for both viral persistence and the development of demyelinating disease (4, 12) . SJL mice are predisposed to viral persistence in the CNS and are highly susceptible to developing demyelinating disease, whereas B6 mice clear viral infection within 2 to 4 weeks and remain free of disease (12) . Hence, it appears that viral persistence is well correlated with disease in these mouse strains (13) .
Early genetic studies have demonstrated that the H-2D b gene is critical for resistance to TMEV-induced demyelinating disease, because transgenic (Tg) expression of H-2D b in susceptible FVB mice rendered them resistant (14) . Therefore, CD8 ϩ T cells restricted to the H-2D haplotype seem to be an important mediator of protection and/or pathogenesis. Surprisingly, F1 (H-2 b/s ) B6 and SJL mice preferentially developed H-2D b -restricted CD8 ϩ T cells, not the H-2K s -restricted CD8 ϩ T cells found in SJL/J mice (15) . Thus, it is conceivable that F1 mice clear virus efficiently using the H-2D b -restricted CD8 ϩ T cells. If major histocompatibility complexes (MHCs) and their restricted CD8 ϩ T cells primarily determine the susceptibility to disease, B6.S mice bearing H-2 s would be susceptible to TMEV-IDD.
In contrast to the virus-clearing CD8 ϩ T cell responses, CD4 ϩ T cell responses are thought to play an important role in the pathogenesis of demyelinating disease and many other autoimmune diseases (16) (17) (18) . Numerous earlier studies reported that Th1 cells play a decisive pathogenic role in the development of demyelinating disease in susceptible mice (19) (20) (21) . However, our recent reports show that Th17 responses, which are preferentially generated in susceptible mice, such as SJL/J mice (H-2 s ), are strongly implicated in pathogenesis. For example, when interleukin-17 (IL-17) was neutralized by anti-IL-17 monoclonal antibodies, SJL/J mice were protected from disease (18) . On the contrary, Th1 responses are preferentially generated in resistant mice, such as B6 (H-2 b ) and F1 (H-2 b/s ) SJL and B6 mice; these Th1 responses provide protection from demyelinating disease (15) .
In this study, we investigated the underlying immunological mechanisms associated with viral persistence in the CNS and the development of demyelinating disease using susceptible SJL (H-2 s ) mice and resistant B6.S (H-2 s ) mice, which carry the background genes of B6 mice in conjunction with the H-2 genes of susceptible SJL mice. In this study, we used B6.S congenic mice carrying H-2 s MHC genes, which are the same as those in the susceptible SJL mice, rather than the H-2 b MHC genes found in resistant B6 mice. Following TMEV infection in these mice, the epitope specificities of the CD4 ϩ and CD8 ϩ T cells would be expected to be the same as those in SJL mice. Thus, this mouse strain permits us to investigate the effects of genes on T cell responses (or signaling pathways) other than MHC genes. Our present data show that B6.S mice are free from disease, and CD4 ϩ T cells preferentially differentiate into protective Th1 cells rather than pathogenic Th17 cells through an intrinsic property of antigen-presenting cells (APCs) residing in resistant mice. Notably, in vitro differentiation studies of identical T cell receptor-transgenic (TCR-Tg) T cells using bone-marrow-derived dendritic cells (BMDCs) from B6.S and SJL mice show that the viral infectivity level in the APCs correlates with the development of a pathogenic Th17 response. Pattern recognition receptors, such as Toll-like receptor 2 (TLR2), -3, -4, and -7, but not TLR9, similarly enhance the level of Th17 differentiation in the absence or presence of viral infection. Taken together, these results strongly suggest that viral replication levels in APCs critically affect the induction of protective versus pathogenic Th types via the consequent innate immune responses. Present data also suggest that genes other than those in the MHC are critically involved in the initial viral load levels of APCs and the consequent outcome of clinical disease.
MATERIALS AND METHODS
Animals. Female SJL/J (SJL) and C57BL/6 (B6) mice were purchased from Charles River Laboratories (Charles River, MA) through the National Cancer Institute (Frederick, MD). Female B6.SJL-H2 S C3 C /1CyJ (B6.S) mice were purchased from Jackson Laboratory (Bar Harbor, ME). The generation of VP2-TCR-Tg transgenic mice was previously described (18) , and this strain (018030 SJL.Cg-Tg(TcraTcrbVP2)1Bkim/J) can be obtained from Jackson Laboratory. All mice were housed at the Center for Comparative Medicine Facility of Northwestern University. Experimental procedures approved by the Northwestern University Animal Care and Use Committee (ACUC) were used in accordance with NIH animal guidelines.
Reagents. Synthetic peptides were purchased from Genmed Synthesis (San Francisco, CA). All peptide stocks (2 mM) were prepared in 8% dimethyl sulfoxide in phosphate-buffered saline (PBS). All antibodies used for flow cytometry were purchased from BD Pharmingen (San Diego, CA). Anti-mouse IL-6 antibody (Invitrogen), anti-IL-12p40 antibody (eBioscience), and 100 ng/ml IL-17 (PeproTech) were used. TLR2 ligands Pam3CSK4 (Pam) and lipoteichoic acid (LTA) (from Staphylococcus aureus) were obtained from InvivoGen (San Diego, CA) and used at 10 ng/ml and 1 g/ml, respectively. The TLR3 ligand poly(I:C) was obtained from Calbiochem (La Jolla, CA) and used at 50 g/ml. The TLR4 ligand lipopolysaccharide (LPS) (Escherichia coli O111:B4) was obtained from Sigma (St. Louis, MO) and used at 100 ng/ml. The TLR7 ligand CL087 and the TLR9 ligand type B CpG oligonucleotide were obtained from Invivo-Gen (San Diego, CA) and used at 0.1 g/ml and 10 g/ml, respectively.
TMEV propagation and infection of mice. The BeAn strain of TMEV was propagated and the titer determined in BHK cells grown in Dulbecco's modified Eagle medium (DMEM) supplemented with 7.5% donor calf serum. For intracerebral (i.c.) infection, 30 l (approximately 1 ϫ 10 6 PFU) of TMEV BeAn was injected into the right cerebral hemisphere of 6to 8-week-old mice anesthetized with isoflurane. Clinical symptoms of disease were assessed weekly on the following grading scale: grade 0, no clinical signs; grade 1, mild waddling gait; grade 2, moderate waddling gait and hind-limb paresis; grade 3, severe hind-limb paralysis; grade 4, severe hind-limb paralysis and loss of righting reflex; and grade 5, death.
Plaque assays. After perfusion with Hanks' balanced salt solution (HBSS), brains and spinal cords were removed from virus-infected mice and homogenized through a wire mesh. The tissue homogenate was used to perform standard plaque assays on a BHK-21 cell monolayer (22) . The plaques were visualized after fixation with methanol and staining with 0.1% crystal violet.
Histopathological staining. At 85 days postinfection with TMEV, mice were perfused via intracardiac puncture with 50 ml of phosphatebuffered saline (PBS). Brains and spinal cords from mice were dissected, fixed in 4% formalin in PBS for 4 days, transferred to 30% sucrose-PBS solution for another 24 h, and embedded in paraffin for sectioning and staining. Paraffin-processed brains and spinal cords were sectioned at 6 m. Three sets of adjacent sections from each animal were deparaffinized, rehydrated, and evaluated separately after staining with Luxol Fast Blue (LFB) for axonal demyelination, hematoxylin and eosin (H&E) for inflammatory infiltrates, and Bielschowsky silver stain for axon damage and loss. Sections were observed and recorded using a Leica DMR microscope, and the images were captured using an AxioCam MRc camera and Axio-Vision imaging software.
Isolation of CNS-infiltrating lymphocytes. Mice were perfused through the left ventricle with 30 ml of sterile Hanks' balanced salt solution (HBSS). Excised brains and spinal cords were forced through wire mesh and incubated at 37°C for 45 min in 250 g/ml of collagenase type 4 (Worthington Biochemical Corp., Lakewood, NJ). CNS-infiltrating lymphocytes were then enriched at the bottom 1/3 of a continuous Percoll (Pharmacia, Piscataway, NJ) gradient after centrifugation for 30 min at 27,000 ϫ g. For the cell analysis, the Fc receptors of the isolated CNS cells were blocked using 50 l of 2.4G2 hybridoma (ATCC) supernatant by incubation at 4°C for 30 min. The cells were stained with anti-CD8 (clone 53-6.7), anti-CD4 (clone GK1.5), anti-CD11b (clone M1/79), anti-CD45 (clone 30-F11), or anti-CD45.1 (clone A20) antibodies. All cells were analyzed using a Becton Dickinson LSRII flow cytometer (BD) and FlowJo software (Treestar).
T cell proliferation assay. Splenocytes (1 ϫ 10 6 cells/well) from infected mice were stimulated with the indicated stimuli in 96-well flatbottom microtiter plates for 48 h, pulsed with 1.0 Ci Measurement of cytokine levels. The cytokine levels produced by splenocytes (1 ϫ 10 6 cells/well) from TMEV-infected mice were assessed by enzyme-linked immunosorbent assay (ELISA) after the indicated stimulations. Gamma interferon (IFN-␥) (OPTEIA kit; BD Pharmingen) and IL-17 (R&D Systems) levels were measured using the respective cytokinespecific ELISA systems. The values are expressed as the mean Ϯ standard deviation of values from triplicate samples.
Real-time PCR. Total RNA was isolated by TRIzol (Invitrogen) and reverse transcribed to cDNA using Moloney murine leukemia virus reverse transcriptase (Invitrogen). The cDNAs were amplified with specific primer sets in SYBR green master mix using an iCycler (Bio-Rad). The sense and antisense primer sequences are as follows: TMEV (VP1), 5=-T GACTAAGCAGGACTATGCCTTCC-3= and 5=-CAACGAGCCACATA TGCGGATTAC-3=; IFN-␥, 5=-ACTGGCAAAAGGATGGTGAC-3= and 5=-TGAGCTCATTGAATGCTTGG-3=; IL-17A, 5=-GGGGATCCATGAG TCCAGGGAGAGC-3= and 5=-CCCTCGAGTTAGGCTGCCTGGCGG A-3=; and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 5=-AA CTTTGGCATTGTGGAAGGGCTC-3= and 5=-TGCCTGCTTCACCAC CTTCTTGAT-3=. GAPDH expression served as an internal reference for normalization. Real-time PCR was performed in triplicate.
Generation of bone marrow-derived DCs. Bone marrow cells were harvested from the femurs and tibias of adult mice and cultured in RPMI medium supplemented with 10% fetal bovine serum (FBS) and 20 ng/ml murine recombinant granulocyte-macrophage colony-stimulating factor (rGM-CSF) (PeproTech) for 5 days as described previously (23) .
TMEV infection of DCs. BMDCs were incubated with TMEV for 1 h at room temperature with intermittent shaking in RPMI with 0.1% bovine serum albumin, washed twice, and resuspended in RPMI containing 10% FBS and 20 ng/ml murine rGM-CSF at the indicated multiplicity of infection (MOI) and incubation time. After an additional 4 h of incubation with Golgi-Plug (BD), the cells were fixed, permeabilized with Cytofix/Cytoperm (BD Bioscience), blocked with 1% normal goat serum (Invitrogen), and stained with an anti-TMEV monoclonal antibody (8C). The cells were then stained with anti-CD11c (clone HL3) antibody and analyzed on a flow cytometer.
Detection of intracellular cytokines. To measure the virus antigenspecific response of CNS-infiltrating mononuclear cells, freshly isolated cells from the CNS were cultured in 96-well round-bottom plates in the presence of 2 M the indicated viral peptides and 0.7 g/ml GolgiStop (BD) for 6 h at 37°C. The cells were then incubated in 50 l of 2.4G2 hybridoma (ATCC) supernatant for 30 min at 4°C to block the Fc receptors. Allophycocyanin-conjugated anti-CD8 (clone 53-6.7) antibody or allophycocyanin-conjugated anti-CD4 (clone L3T4) antibody was added, and the cells were incubated for an additional 30 min at 4°C. After two washes, intracellular IFN-␥ or IL-17 staining was performed with allophycocyanin-labeled rat monoclonal anti-IFN-␥ (XMG1.2) or anti-IL-17 (TC11-18H10) antibody using a Cytofix/Cytoperm kit (BD Bioscience) according to the manufacturer's instruction. The cells were analyzed using a flow cytometer. For the assessment of IFN-␥ and IL-17 production by VP2-TCR-Tg CD4 ϩ T cells, CD4 ϩ T cells were isolated from VP2-TCR-Tg SJL mice by positive immunomagnetic cell sorting (Miltenyi Bio-tec) and primed with PBS, 2 M VP2 74 -86 peptide, and 1 g/ml UVinactivated TMEV (UV-TMEV)-treated or TMEV-infected SJL or B6.S BMDCs with or without the indicated cytokines, antibodies, or TLR agonists for 4 days. To induce sustaining production of cytokines by antigendifferentiated T cells, the cultures were restimulated with 50 ng/ml phorbol myristate acetate (PMA) (Sigma) and 1 ng/ml ionomycin (Sigma) for 6 h in the presence of GolgiStop and stained with allophycocyanin-labeled rat monoclonal anti-IFN-␥ (XMG1.2) antibody or phycoerythrin (PE)labeled rat monoclonal anti-IL-17 (TC11-18H10) antibody and fluorescein isothiocyanate (FITC)-conjugated anti-CD4 (clone L3T4) antibody. The levels and proportions of cytokine-producing cells were analyzed using flow cytometry.
Statistical analyses. The significance of the differences (two-tailed P value) between experimental groups was analyzed with an unpaired Student's t test using the InStat program (GraphPad Software, San Diego, CA). Values of P Ͻ 0.05 were considered to be significant. For multigroup comparisons, a one-way analysis of variance (ANOVA) with a Tukey-Kramer multiple-comparison test was used.
RESULTS

B6.S mice infected with TMEV do not develop demyelinating disease.
B6.S mice have the B6 background genes but share the MHC H-2 s genes of TMEV-susceptible SJL mice. To examine the disease susceptibility of B6.S mice, we monitored the development of clinical signs following intracerebral TMEV infection for 85 days (Fig. 1A ). Susceptible SJL mice (n ϭ 10) started to develop clinical signs at day 21, with 90% of the population showing clinical signs at day 35, whereas none of the TMEV-infected B6.S mice (n ϭ 10) showed symptoms at either time point. We further examined the virus levels in the brains and spinal cords of the mice at 8, 21, and 85 days postinfection (dpi) using a plaque assay (Fig.  1B) . The viral levels in the spinal cords were significantly lower in B6.S mice throughout the time period than those in susceptible SJL mice. However, the viral loads in the brains were inconsistent: drastically higher (100-fold) in B6.S mice at 8 dpi and less than 2-fold higher at 85 dpi but significantly lower (Ͼ20-fold) at 21 dpi. These results suggest that the initial viral load in the brain in B6.S mice is higher than that in SJL mice, and the viral load in B6.S mice is more efficiently cleared, although unlike B6 mice, these mice fail to completely clear the virus. In contrast, the viral load in the spinal cord in B6.S mice was lower than in SJL mice throughout the time course. It is unclear at this time whether the lower viral load in the spinal cord of B6.S mice reflects the lower trafficking of the virus to the spinal cord, lower viral replication, or higher viral clearance in the spinal cord.
To correlate the levels of clinical disease development ( Fig. 1 ) to the demyelination process in the CNS of TMEV-infected SJL and B6.S mice, histopathologic examinations were performed at 85 dpi (Fig. 2 ). More severe demyelination, higher cellular infiltration, and greater axonal loss were observed both in the brains (not shown) and spinal cords of SJL mice compare to B6.S mice (Fig. 2) . Bielschowsky silver staining, which stains axons black, was used to evaluate axonal loss. There was larger vacuolation and severe axonal loss in the demyelinated regions of the spinal cords of SJL mice compared to B6.S mice ( Fig. 2A ). LFB staining, which stains myelin blue, revealed much higher demyelination in the SJL spinal cords compared to the B6.S spinal cords ( Fig. 2A and B ). H&E staining showed numerous inflammatory cells in both the demyelinated and the intact regions of the spinal cords of SJL mice, but these cells were barely evident in B6.S mice ( Fig. 2A and  B) . These data suggest that B6.S mice reduce viral loads in the CNS more efficiently than SJL mice, causing less cellular infiltration and axonal loss, which leads to resistance to the development of TMEV-IDD.
T cell responses to TMEV epitopes are higher in B6.S mice than in SJL mice. Because CNS-infiltrating T cell responses in the first few weeks of TMEV infection are involved in the protection and/or pathogenesis of demyelinating disease, we compared the levels of CD4 ϩ and CD8 ϩ T cells accumulated in the CNS of infected SJL and B6.S mice at 8 and 21 dpi (Fig. 3A) . The proportion of CD4 ϩ T cells in the CNS of B6.S mice was slightly lower than that of the susceptible SJL mice. In contrast, the proportion of CD8 ϩ T cells in the CNS of B6.S mice was higher than that of the susceptible SJL mice. These results suggest that the relatively lower proportion of CD4 ϩ T cells and higher proportion of CD8 ϩ T cells contribute to resistance to the development of demyelinating disease in B6.S mice. However, the overall CD4 ϩ [(8.9 Ϯ 4.3) ϫ 10 5 versus (7.2 Ϯ 1.7) ϫ 10 5 ] and CD8 ϩ [(3.8 Ϯ 0.9) ϫ 10 5 versus (3.5 Ϯ 0.3) ϫ 10 5 ] T cell numbers infiltrating the CNS were similar in SJL and B6S mice at 8 dpi.
We previously reported that high levels of IFN-␥-producing CD4 ϩ Th1 cells in the CNS of TMEV-infected mice play a protective role, whereas IL-17-producing Th17 cells contribute to the pathogenesis of demyelinating disease (18, 24) . To further compare the levels of protective CD4 ϩ and CD8 ϩ T cells in the CNS of TMEV-infected SJL and B6.S mice, the proportions and numbers of IFN-␥-producing CD4 ϩ and CD8 ϩ T cells were assessed at 8 and 21 days postinfection following the stimulation of CNS-infil-trating cells with a mixture of I-A s -restricted structural capsid epitope peptides (SP: VP1 233-250 , VP2 74 -86 , and VP3 24 -37 ), nonstructural epitope peptides (NSP: 3D 6 -23 , 3D [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] , and 3D 412-430 ) or H-2K s -restricted CD8 epitope peptides (VP3 159 -166 , VP3 173-181 and VP1 [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] ). B6.S mice had significantly higher proportions of Th1 responses to both SP and NSP epitopes compared to SJL mice at 8 and 21 dpi ( Fig. 3B ). However, the proportions of TMEVspecific CD8 ϩ T cell responses were similar in the CNS of virusinfected B6.S mice and SJL mice (Fig. 3C ). The overall numbers of IFN-␥-producing CD4 ϩ T cells in the CNS of virus-infected resistant B6.S mice were also significantly higher, particularly at 8 dpi, compared to the susceptible SJL mice (Fig. 3D) . In contrast, the number of virus-specific CD8 ϩ T cells in the CNS of B6.S mice was lower than that in SJL mice at 8 dpi and indifferent at 21 dpi. Therefore, the overall levels of protective virus-specific CD4 ϩ T cell responses, but not of CD8 ϩ T cell responses, in the CNS of TMEV-infected B6.S mice are significantly higher than those in the CNS of SJL mice.
Levels of peripheral CD4 ϩ and CD8 ϩ T cell responses of SJL and B6.S mice infected with TMEV were also assessed at 8 and 21 dpi (Fig. 4 ). Splenic CD4 ϩ T cells from B6.S mice proliferated significantly less in response to I-A s -restricted SP and NSP epitopes compared to SJL mice at 8 dpi. However, these T cells from B6.S mice produced significantly higher levels of IFN-␥ in response to NSP but lower levels of IFN-␥ in response to SP compared to SJL CD4 ϩ T cells. IFN-␥ levels produced by B6.S CD8 ϩ T cells were also higher than those produced by SJL CD8 ϩ T cells at 8 dpi. These higher IFN-␥ responses by B6.S mice were decreased to levels lower than those by SJL mice at 21 dpi. The reduction in IFN-␥ production at 21 dpi is consistent with the reduced viral loads in the CNS of B6.S mice, suggesting that preferential viral clearance in B6.S mice may have contributed to the reduced T cell responses. In contrast to the higher IFN-␥ responses, there was no detectable IL-17 production by B6.S CD4 ϩ T cells at both 8 and 21 dpi, whereas extremely high levels of IL-17 production by SJL CD4 ϩ T cells were detected in response to SP and NSP epitopes at both time points. Notably, the IL-17 levels produced by SJL CD4 ϩ T cells were greater at 21 dpi, which is close to the onset of clinical disease development. These results suggest that the production of high levels of protective IFN-␥ in the absence of pathogenic IL-17 in B6.S mice compared to the opposite in SJL mice may provide preferential protection from developing TMEV-induced demyelinating disease.
Unlike SJL DCs, B6.S DCs support viral replication poorly similar to B6 DCs. It has previously been shown using bone marrow chimeras between resistant B10.S and susceptible SJL mice that hematopoietic cells exert a major effect on susceptibility to TMEV (25) . We have also confirmed the role of hematopoietic cells in B6.S and SJL mice (data not shown). Because bone-marrow-derived cells affect viral load levels and T cell development in TMEV-infected mice, we characterized the bone-marrow-derived dendritic cells (DCs) of susceptible SJL, resistant B6, and B6.S mice. First, we compared the levels of viral replication in these DCs by detecting viral proteins using flow cytometry after in vitro infection with TMEV ( Fig. 5 ). When the DCs were infected with various doses of TMEV for 12 h, the proportion of SJL DCs stained with anti-TMEV antibody was low (1.8%) but detectable after infection with a low (MOI of 0.1) viral concentration (Fig. 5A) . The proportions of TMEV-positive SJL DCs increased to 4 to 6% and 30 to 40% after infection at MOI of 1 and 10, respectively. In contrast, no detectable increase in TMEV-positive B6 or B6.S DCs over the uninfected control DCs was observed after infection at an MOI of 0.1. Even at the higher doses of viral infection, only very low levels (1.1% and 2.4% at an MOI of 1 and 3.8% and 6.2% at an MOI of 10, respectively) of TMEV-positive B6 or B6.S DCs were observed. We have previously shown that DCs and other glial cell types from resistant mice poorly support viral replication and spread compared to those from susceptible mice in the comparisons of viral titers and viral protein production (15, 23, 26, 27) . These results indicate that DCs from resistant B6 and B6.S mice are less permissive to TMEV infection than DCs from susceptible SJL mice.
To further determine whether the poor support for viral infection and/or replication reflects a time-delayed phenomenon, we infected DCs with a high viral dose (MOI of 10) for various time (Fig. 5B) . A significant increase in the proportion of TMEV-positive cells started to appear in SJL DCs at 6 h postinfection and further increased to over 40% at 24 h postinfection. In contrast, only low proportions (4 to 5%) of TMEV-positive B6.S and B6 DCs began to appear at 12 h postinfection, and the proportions only reached ϳ10% at 24 h postinfection. The proportions did not increase further in these DCs at 48 h postinfection. The differences in the viral infections in SJL and B6 DCs were consistent with those from previous reports (15, 23, 27) . In addition, the differences in the viral infections between SJL and B6S (41% Ϯ 4.5% versus 8.4% Ϯ 3.1%) are significant and highly reproducible, as shown in the panel where MOI ϭ 10 in Fig. 5A and the panel representing 24 h in Fig. 5B . These data strongly suggest that the level of viral infection and/or replication in B6.S DCs is lower than that in SJL DCs, similar to B6 DCs. Therefore, it is most likely that the levels of various responses to TMEV infection in the major antigen-presenting DCs would be drastically different between B6.S and SJL mice, despite the identical MHCrestricted antigen presentation.
Virus-infected B6.S DCs induce reduced Th17 development compared to SJL DCs. We first compared the ability of DCs from SJL and B6.S mice to induce cognate CD4 ϩ T cell proliferation using purified CD4 ϩ T cells from SJL VP2-TCR-Tg mice. CD4 ϩ T cells from VP2-TCR-Tg mice specifically recognize the TMEV VP2 74 -86 capsid region (18) . Purified CD4 ϩ T cells from VP2-TCR-Tg mice were labeled with carboxyfluorescein succinimidyl ester (CFSE) and stimulated with DCs for 4 days in the presence of PBS, VP2 74 -86 peptide, UV-inactivated TMEV (UV-TMEV), infectious low-pathogenicity variant M2 virus, or infectious pathogenic TMEV (Fig. 6A) . CD4 ϩ T cell proliferation was determined The proportion of IFN-␥-producing CD4 ϩ cells in the CNS was analyzed using intracellular staining after stimulation for 6 h with 2 M I-A s -restricted structural capsid epitope peptides (SP: VP1 233-250 , VP2 74 -86 , and VP3 24 -37 ), nonstructural epitope peptides (NSP: 3D 6 -23 , 3D [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] , and 3D 412-430 ), or anti-CD3 and anti-CD28 antibodies. The numbers in the FACS plots represent the percentages of IFN-␥-producing CD4 ϩ cells from the total infiltrating CD4 ϩ cells. Data represent plots from a representative experiment from three independent experiments. (C) The proportions of IFN-␥-producing CD8 ϩ cells in the CNS after stimulation for 6 h with 2 M CD8 epitope peptides (CD8: VP3 159 -166 , VP3 173-181 , and VP1 [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] or anti-CD3 and anti-CD28 antibodies are shown. The numbers in the FACS plots represent the percentages of IFN-␥-producing CD8 ϩ T cells from the total infiltrating CD8 ϩ cells. The data represent a representative experiment from three separate experiments using three mice per group. (D) The overall numbers of IFN-␥-producing CD4 ϩ and CD8 ϩ T cells in the CNS of TMEV-infected SJL and B6.S mice at 8 and 21 days postinfection are shown. The data represent combined results from three independent experiments. Statistically significant differences are indicated with asterisks (*, P Ͻ 0.05; **, P Ͻ 0.01).
based on the intensity of CFSE, which is lower in proliferating cells. The results clearly indicate that CD4 ϩ T cell proliferation was induced equally well by SJL and B6.S DCs in the presence of all of the stimulants containing the VP2 74 -86 epitope, including UV-TMEV, compared with DCs treated with PBS (mock). Therefore, DCs from B6.S and SJL mice are equally capable of driving cognate CD4 ϩ T cell proliferation with these various forms of stimulants.
We have previously shown that TMEV-infected APCs from resistant B6 mice induce low levels of Th17 development in vitro compared to those from susceptible SJL mice (18) . However, it was difficult to assess the underlying mechanisms because of the differences in the MHC restriction and consequent T cell repertoires between B6 and SJL mice. Thus, we further compared the levels of Th1/Th17 cell differentiation from the identical VP2-TCR CD4 ϩ T cells in the presence of viral antigen-loaded SJL and B6.S DCs using flow cytometry (Fig. 6B ). After activation of VP2 74 -86 -specific transgenic CD4 ϩ T cells from VP2-TCR-Tg SJL mice with SJL or B6.S DCs in the presence of VP2 74 -86 peptide, UV-inactivated TMEV, low-pathogenicity variant M2 TMEV (28) , or various concentrations of infectious pathogenic TMEV for 4 days, cells were restimulated for 6 h with PMA and ionomycin and analyzed using flow cytometry after staining for intracellular IFN-␥ and IL-17. VP2 74 -86 peptide-pulsed, UV-TMEVpulsed, and low-pathogenicity M2-infected DCs from both mouse strains failed to induce significant Th17 development, while they vigorously induced IFN-␥-producing Th1 cells. In contrast, Th17 cell development was preferentially increased only after stimulation with pathogenic TMEV-infected SJL DCs in a TMEV dose-dependent manner (2 to 30% at MOI of 1 to 10). The Th17 cell development after stimulation with virus-infected B6.S DCs was significantly lower (1 to 11% at MOI of 1 to 10). The differential increase in the Th17 cell development between SJL and B6S DCs infected with TMEV was highly reproducible; e.g., the proportions of Th17 cells in the presence of TMEV-infected DCs (MOI of 10) in Fig. 6B , C, and D were significantly higher than those in the presence of uninfected DCs (26.3% Ϯ 3.2% versus 7% Ϯ 3.6%). These results suggest that stimulation of CD4 ϩ T cells with DCs infected with pathogenic virus preferentially promotes the development of pathogenic Th17 cells.
Because SJL DCs support TMEV replication and Th17 development severalfold higher than those of B6.S DCs (Fig. 5) , we further tested the potential role of IL-6 produced by DCs during the T cell stimulation ( Fig. 6C and D) . Treatment with neutralizing antibodies to IL-6 in these cocultures stimulated with pathogenic TMEV abrogated the Th17 development (Fig. 6C) , as shown previously (18) . These results suggest that IL-6 production by virus-infected DCs from both mouse strains is associated with Th17 cell differentiation. Addition of IL-17 to the cocultures of VP2-TCR-Tg CD4 ϩ T cells and TMEV-infected DCs enhanced the Th17 development ( Fig. 6D ), suggesting amplification effects of IL-17 in the Th17 development. Notably, the enhancing effects of IL-17 were abrogated in the presence of IL-6-neutralizing antibodies (Fig. 6D) . Taken together, these results strongly suggest that the amplification effect of IL-17 on Th17 development is mediated by IL-17-induced IL-6 production.
TLR-mediated DC stimulation mimics Th17 development by virus-infected DCs.
We have previously reported that treatment of DCs from B6 mice with the TLR4 ligand LPS enhanced the induction of Th17 cells via elevated IL-6 production (18). In addition, we also previously demonstrated that signaling via TLR3 and TLR2 is associated with TMEV infection and the consequent production of innate cytokines, including IL-6 (29-31). Therefore, we further examined the effects of various TLR ligands on Th17 development by SJL and B6.S DCs (Fig. 7) . VP2-TCR-Tg CD4 ϩ T cells were stimulated with SJL and B6.S DCs loaded with different forms of viral antigens (VP2 peptide, UV-TMEV, and infectious TMEV) in the presence or absence of various TLR agonists: Pam (TLR2 ligand), LTA (TLR2 ligand), poly(I:C) (TLR3 ligand), LPS (TLR4 ligand), CL087 (TLR7 ligand), and CpG (TLR9 ligand). Consistent with previous data ( Fig. 6B) , VP2 74 -86 peptide-and UV-TMEV-pulsed SJL and B6.S DCs failed to induce Th17 development but not Th1 development. However, VP2 74 -86 peptide-and UV-TMEVpulsed SJL and B6.S DCs were able to stimulate Th17 development equally well in the presence of certain TLR ligands. The DCs treated with the ligands for TLR2, TLR3, TLR4, and TLR7 induced Th17 development significantly and further increased Th1 development, suggesting that signaling functions for the TLRs are similar in these DCs. The upregulated Th17 development in the presence of TLR3 and TLR4 ligands was consistent with the previous reports (18, 31) . In addition, the effects of a given TLR were consistent with the different TMEV-specific stimulants, such as VP2 peptide, UV-TMEV, and TMEV. In-terestingly, the TLR9 ligand CpG, which constitutes a bacterial ligand, further promoted Th1 development but failed to stimulate Th17 development. Because these TLRs (TLR2, -3, -4, and -7) are known to be associated with certain bacterial and viral infections, only select TLR-mediated stimulation may affect the development of Th17 cells.
In contrast to the similar Th17 cell development in the presence of DCs loaded with VP2 74 -86 peptide or UV-TMEV in the presence of the select TLR ligands, TMEV-infected SJL DCs in the presence of the TLR ligands, except CpG, induced greater than 2-fold-higher levels of Th17 cells than TMEV-infected SJL DCs in the absence of the TLR ligands. However, virus-infected B6.S DCs consistently induced lower levels of Th17 development in the ab- sence or presence of TLR ligands than infected SJL DCs, although the presence of TLR ligands further elevated Th17 development. Therefore, the level of TMEV replication in SJL and B6.S DCs appears to play a critical role in the development of Th17 cells. It is interesting to note that TMEV infection of SJL DCs in the presence of the TLR9 ligand CpG abrogated the vigorous development of Th1 cells. In contrast, TMEV infection of B6.S DCs in the presence of CpG completely abrogated the development of Th17 cells, leading to only Th1 development. Thus, these results suggest that the innate immunity signals induced following exposure to infectious agents are interactive, and the combinations of these signals may result in various outcomes for the development of Th1 versus Th17 cells.
DISCUSSION
The capability to generate a strong immune response is critical for host survival from infections with various pathogens (32, 33) .
However, many pathogenic viruses can elude immune responses by multiple strategies, such as alterations in antigen processing, presentation of processed antigen on MHCs, cell apoptosis, and innate cytokine responses (34) . Infection of resistant mice with TMEV is successfully cleared in mice with strong early phase protective T cell responses, in contrast to susceptible mice displaying weak early phase immune responses. As a consequence, viral persistence in susceptible mice eventually leads to the development of chronic demyelinating disease (35) . Levels and/or qualities of T cell immune responses are associated with the development of TMEV-induced demyelinating disease (15) . Studies with different inbred mouse strains showed that one of the most important susceptibility loci is linked to the MHC H-2D gene (4) (5) (6) . Studies using transgenic expression of H-2D b in susceptible FVB mice demonstrated the importance of MHC, as the expression of transgene in susceptible mice rendered them resistant (14, 36) . Human multiple sclerosis (MS) and experimental autoimmune encepha- CD4 ϩ T cells from VP2-TCR-Tg SJL mice were activated with the stimuli described above and SJL or B6.S DCs for 4 days. Cells were restimulated for 6 h with 50 ng/ml PMA and 1 ng/ml ionomycin and then analyzed using flow cytometry after intracellular staining for IFN-␥ and IL-17 cytokines. (C) CD4 ϩ T cells from VP2-TCR-Tg SJL mice were activated for 4 days with TMEV-infected SJL or B6.S DCs in the presence of an isotype control or anti-IL-6 antibody. Cells were then restimulated for 6 h with PMA and ionomycin prior to flow cytometry. (D) VP2 74 -86 -specific transgenic CD4 ϩ T cells were activated with TMEV-pulsed SJL or B6.S DCs (MOI of 10) with or without 100 ng/ml IL-17 and PBS or anti-IL-6 antibody for 4 days. The cells were restimulated for 6 h with PMA and ionomycin. All plots were gated on CD4 ϩ T cells, and the numbers in the FACS plots represent the percentages of IFN-␥ ϩ and IL-17 ϩ cells within the CD4 ϩ cells. The presented data are representative of three independent experiments. litis (EAE) models have also shown that susceptibility is strongly associated with MHC haplotypes (37) . However, the B10.S strain from crosses of resistant C57BL/10 mice, which are closely related to prototypically resistant B6 mice, and susceptible SJL mice appear to show conflicting results for viral persistence versus development of demyelinating disease after TMEV infection (4, 10) . The level of virus persistence appears to be clearly associated with non-MHC-linked genes located on chromosomes 10, 14, and 18 (9) (10) (11) . However, the development of disease is somewhat different, depending on the investigators (4, 38) . Nevertheless, the underlying mechanisms of viral persistence and susceptibility to the development of disease have not been fully illustrated. Our recent studies suggest that the level of innate immune responses of antigen-presenting cells (APCs), reflecting the degree of initial viral infection and/or replication, may be a critical factor for the development of demyelinating disease (15, 23) . APCs from susceptible SJL mice vigorously support the initial viral replication, and the resulting innate cytokines, particularly IL-6 and perhaps type I IFNs, steer the antiviral T cell responses to less protective and more pathogenic types, whereas APCs from resistant B6 mice failed to do the same (15, 18, 23, 24) . We hypothesized that B6.S mice, similar to B10.S mice, are relatively resistant to TMEV-IDD due to the poor initial support of viral replication in APCs, which steers away from supporting the pathogenic T cell responses.
Our results in this study clearly indicate that B6.S mice, which share the MHC genes with susceptible SJL mice, are resistant to the development of TMEV-induced demyelinating disease (Fig. 1) . The levels of demyelination and axonal damage in B6.S mice were very mild compared to those in SJL mice (Fig. 2 ). B6.S mice had a higher level of initial viral load in the brain than SJL mice, although lower levels of viral load were maintained in the spinal cord ( Fig. 1 ). It is interesting to note that the early CD4 ϩ T cell response in resistant B6.S mice was predominantly an IFN-␥-producing Th1-type response in the CNS and periphery, whereas in susceptible SJL mice, the T cell response was predominantly IL-17-producing Th17 type ( Fig. 3 and 4 ). These results on T cell responses are consistent with the previous observations in resistant and susceptible mice (15, 18) . The differences in the initial CD4 ϩ T cell type may have affected the infiltration of viral loads in the spinal cords and the subsequent pathogenesis, as IL-17 is known to promote viral loads and cellular infiltration as well (18) . These data strongly suggest that the MHC is not primarily associated with the induction of CD4 ϩ T cell types, which are the critical factor for the pathogenicity of TMEV. One of the most important APCs is DC. DCs play a pivotal role in primary T cell responses by presenting antigens to T cells in conjunction with the cognate MHC for the optimum memory responses (39) . DCs also play important roles in the pathogenesis of TMEV-IDD by inducing the development of pathogenic Th17 cells (23) . It has recently become clear that the overproduction of innate cytokines by APCs following viral infection is associated with the preferential induction of the Th17 cell-type response and the consequent pathogenesis leading to demyelinating disease (15, 26) . However, it is not yet clear what genetic or molecular mechanism plays a critical role in driving naive CD4 ϩ T cells to differentiate into Th17 cells. Our present study demonstrates that the level of viral infection and/or replication in APCs from susceptible SJL mice is high compared to that in APCs from resistant B6.S and B6 mice (Fig. 5) . These results indicate that the initial viral infection rate in APCs is controlled by a gene or genes independent from the MHC. The differences in the initial viral load in APCs most likely affect the production of innate cytokines, such as IL-6, which is closely involved in the Th17 polarization ( Fig. 6) . Several candidate genes have been associated with the differences in the viral loads or the persistence of TMEV (40) (41) (42) . However, it is not clear whether these candidate genes are also associated with the initial viral infection and/or replication in APCs shown in vitro (Fig. 5) , because viral persistence in animals may represent more complex consequences of the initial viral loads and viral clearance by the immune response.
Our results further suggest that the initial viral loads in APCs trigger the corresponding levels of innate cytokine production via pathogen recognition receptors. The quantity and quality of adaptive immune responses are determined by the initial innate immune responses (43, 44) . The development of the pathogenic Th17 cell type is orchestrated by cytokines, such as transforming growth factor ␤ (TGF-␤), IL-6, and IL-23 (45) . Our present study ( Fig. 7) showed that the Th17 polarization can be achieved equally well in APCs from susceptible and resistant mice with agonists of multiple TLR receptors (TLR2, -3, -4, and -7), which are either known or suspected to be associated with the innate immune responses following TMEV infection (18, 26, (29) (30) (31) . Therefore, the potential deficiency of the signal induction in any of these TLRs is unlikely to be associated with the differential Th17 polarization.
Remarkably, viral infection of APCs in the presence of TLR agonists resulted in further differential increases in Th17 development between susceptible and resistant APCs (Fig. 7) , reflecting the differences in the level of viral infection and/or replication ( Fig. 5 ). Taken together, these results strongly suggest that the level of initial viral infection and/or replication in APCs, which is controlled by a MHC-unlinked gene or genes, is the critical factor for the pathogenesis of immune-mediated TMEV-induced demyelinating disease in the CNS. It is also interesting to note that the resistance mechanism of the immune response in F1 between resistant B6 and susceptible SJL mice differs from that of B6.S mice in regard to the type and MHC recognition by the virus-specific T cells (15) .
The TCR-V␤ locus, the carbonic anhydrase 2 enzyme locus, a gene close to the IFN-␥ locus, and Tmevp3, a locus near IL-22, have been proposed for controlling TMEV-induced demyelinating disease (7, 8, 41) . Most recently, an enhancer-like long noncoding RNA termed NeST within Tmevp3 appears to be causal for TMEV (DA strain) persistence in infected mice (42) . The SJL/Jderived NeST in transgenic mice conferred increased IFN-␥ production in CD8 ϩ T cells and increased Theiler's virus persistence. However, it is unclear at this time whether this locus also confers higher viral infection and replication in APCs in vitro. In addition, the increased IFN-␥ production by CD8 ϩ T cells in SJL mice may not be universal in TMEV infection, because lower IFN-␥ production in SJL mice was observed after infection with the TMEV BeAn strain (15) . Furthermore, this locus does not appear to affect the induction of CD4 ϩ T cell types, as CD4 ϩ T cells from the NeST-Tg mice do not exhibit any differences in IFN-␥ production (42) . Further studies may be necessary to confirm whether this locus is also associated with the altered viral infection and replication in APCs in vitro.
